Introduction
Inductively coupled plasma mass spectrometry (ICPMS) is a powerful analytical technique for the determination of trace elements and widely used in diverse scientic and industrial elds. ICPMS is known to suffer from background interference induced by (polyatomic) ions originating from Ar, entrained air, the solvent and/or matrix and, as a result, collision/reaction cell technology was developed to overcome this problem. Ions produced in the ICP source are introduced into a cell lled with a specic gas to induce reactions between the interfering or the analyte ions and gaseous molecules. For instance, 40 Ar + can be neutralized by reaction with NH 3 , thereby reducing the interference at mass number 40 and permitting interference-free detection of 40 Ca + . Similarly, trace 75 As + can be reacted with N 2 O to produce 75 As 16 O + in order to avoid the background spectrum of 40 Ar 35 Cl + (e.g. Bandura et al. 1 ). Hence, collision/reaction cell ICPMS can extend the scope of ICPMS measurement, but careful examination of mass spectra of any new species formed from reactions between co-existing elements and gaseous molecules is still required.
A newly designed quadrupole ICPMS with an octapole collision/reaction cell has been developed to reduce background spectra based on the original concept of triple quadrupole ICPMS.
2 Briey, analyte ions are separated from co-existing ions by the rst quadrupole mass lter, according to their mass number, before ion-molecule reactions in the cell occur. This rst separation step enables the minimization of any undesirable ion-molecule reactions induced by matrix elements. Target ions transmitted through the rst mass lter are subsequently screened by the second quadrupole along with the ions produced in the cell. An almost interference-free background spectrum was achieved and undesirable new reactions in the cell were strictly controlled.
Another important feature of tandem quadrupole MS is the very sharp peak shapes recorded for the ions. Peak tailing from prominent isotopes can compromise measurement of adjacent masses and this characteristic is expressed as the abundance sensitivity. The tandem quadrupole ICPMS has an abundance sensitivity of better than 10 À7 , 5 which is equivalent to those of a typical sector-eld ICPMS operated with energy lters or under high resolution modes 6 and a quadrupole ICPMS with a collision cell. 7 The former mechanism lters ions with low energy and perturbed trajectories, which are produced by the collision with residual gas molecules and/or at the ICP interface region. The latter thermalizes kinetic energy of ions derived from ICP by intentional collisions with gas molecules in the collision/ reaction cell through damping of their initial kinetic energy distribution. In this study, a tandem quadrupole ICPMS with an octapole collision/reaction cell (ICP-MS/MS) was applied to the determination of Two uranium containing solutions were prepared from multielement standard solutions, XSTC-331 and XSTC-829 (SPEX CertiPrep, Metuchen, NJ, USA). XSTC-829 is a custom made solution containing 10 mg g À1 Na, K, Ca, and U in 1% nitric acid, and 10 mg g À1 Li, Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, Cs, Ba, Tl, Pb, Bi, Th, and U for XSTC-331 in 1% nitric acid. These solutions were suitably diluted with high purity concentrated HNO 3 (AA-100; Tama Chemical, Kawasaki, Japan) and Milli-Q water (Millipore, Billerica, MA, USA) to 500 ng g À1 U for U isotopic analyses. A seawater sample was collected from the western Pacic Ocean (Tosa-Bay, southwest Japan) and about 3 kg of the water, buffered at pH 5.6, were ltered with an Empore 47 mm chelating disk (3M, St. Paul, MN, USA) for desalting and U preconcentration. Uranium was then eluted from the disk with 3 M HNO 3 Results and discussion
Oxygen atom transfer reaction
The ICP is an efficient ionization source for production of monovalent positively charged ions, but metal hydrides are also readily produced, especially under wet plasma conditions. Under such conditions, 
Abundance sensitivity
Abundance sensitivity of the instrument was estimated for measurement of U isotopes using a 500 ng g À1 U solution
(XSTC-331) in 1% HNO 3 . The instrument was programmed to undertake synchronized scanning of Q1 and Q2 and to pass mass number Q1 + 16 u at Q2 by scanning Q1 in 0.05 u steps ranging from 234.5 to 239.5 u (250.5 to 255.5 u for Q2). The resultant abundance sensitivity, estimated from the ion signal at mass number 237 against 238 U + in the mass spectrum (Fig. 3) , was <1 Â 10 À10 , which is better than previous values obtained for several sector-eld ICPMS instruments 6 and is almost comparable to that of TIMS.
9 It should be noted that this value seems to be overestimated, because only background noise (<0.01 cps) was observed at mass number 237 against 3 Â 10 8 cps for mass number 238. Even this result, which was estimated from mass number 239 instead of 237 (Fig. 3) aer Tl-normalization was (2.00 AE 0.13) Â 10 À7 (2se uncertainty). The sample consumption was 0.5 mg U for a measurement time of 10 minutes (n ¼ 9). This value is consistent with the value of (2.20 AE 0.20) Â 10 À7 measured with a sector-type ICP mass spectrometer equipped with an RPQ energy lter (Neptune, Thermo Instruments, Bremen, Germany) at IFREMER, France, under dry plasma conditions and using a standard-sample bracketing technique with IRMM-184 as a U isotopic reference (1.24 Â 10 À7 ).
13
The ability to measure ultra-low 236 U/ 238 U ratios was tested with a natural U sample extracted from seawater. Sakaguchi et al. 14 recently used AMS for measurement of 236 U/ 238 U ratios for seawater samples collected in the western Pacic region ($1.5 Â 10 À9 ) and showed that values reected global nuclear fallout. Using the same analytical protocol mentioned above, we obtained a value of (2.3 AE 2.8) Â 10 À9 for a 500 ng g À1 U solution Target ions are separated from matrix ions by Q1 and enter the collision/reaction cell where oxide ions are produced. Q2 is then set to measure desired U species. A set of three synthetic U isotope mixtures was next prepared using the XSTC-829 solution and the seawater sample to validate measurement capability. The two end-member 500 ng g 238 U values compared to expected ones (Fig. 4) .
This may be due to the preferential scattering losses of lighter isotopes than heavy ones in the ion-molecule reaction process in the cell as observed previously, 15 because Tl-normalization of 236 U/ 238 U ratios is aimed at correcting the mass discrimination effect at the ICP interface region, not in the cell. There are only a few studies concerning the isotopic discrimination process in the collision/reaction cells, and further investigations will be necessary for a wider isotopic application of this ion-molecule reaction technique with high precision. Of particular note is the fact that the results display a 1 : 1 correlation without any mass spectral correction, indicating that the potential 235 
